We studied the release of inorganic C, CH4, NH;', POa3-, reactive silica (RSi), Fe, Mn, and Ca from the sediments of a small, mesotrophic, shield lake (Williams Bay, Jacks Lake, Ontario). The diffusion of CH,, ZCOZ, NH, I., and RSi from the sediments, as estimated from pore-water data, increases linearly with depth and sedimentation rate. Release associated with sedimentation rate accounts for 47-84% of the fluxes of these substances to the water column. Regeneration from both the water column and the sediments plays an important role. During summer anoxia, 70% of the hypolimnetic accumulation of NH,+ is accounted for by diffusion from the sediments. This proportion is 3 1% for X02, 62% for CH,, 54% for total P (TP), 36% for RSi, 15% for Fe, 12% for Mn, and 5% for Ca. Significant release of Fe, Mn, and POd3-is limited to the deepest part of the basin. Regeneration of POd3-is not well coupled to organic-matter degradation, and undefined anoxic P-immobilization reactions seem to be taking place in the sediments of the littoral and upper hypolimnion.
It is generally recognized that interactions between sediments and water influence the distribution and dynamics of dissolved substances in lakes. G. E. Hutchinson (1941) reported a strong relationship between the vertical distribution of bicarbonate in the hypolimnion of Linsley Pond and the ratio of sediment area to water volume &I : A I'); he concluded (p. 37) that "the only reasonable explanation for this relationship is that bicarbonate originates in the bottom mud." Mortimer (1941 Mortimer ( , 1942 showed that dissolved inorganic C, Fe2+, POd3-, dissolved silica, and NH,+ were released in large quantities from the anoxic sediments of Windermere.
Despite the considerable literature that has evolved from these early studies, several important questions pertaining to the role of sediments remain unanswered. For example, what are the relative importances of water-column and sedimentary processes in nutrient regeneration? If sedimentary processes are important, is their spatial and seasonal importance predictable in lake basins? Regarding this question, Hutchinson (194 1) arrived indirectly at the conclusion that bicarbonate release from the sediment was horizontally homogeneous in the hypolimnion of Linsley Pond-a notion still widespread today.
Because sediment deposition (and organic matter supply to sediments) often increases with depth in stratified basins (Davis 1973; Davis and Ford 1982; Kimmel 1978; Evans and Rigler 1980) , it should be expected that regeneration from the sediment is not in fact homogeneous, but increases with depth. This hypothesis has rarely been directly addressed, however, and only a few observations do presently support depth-dependent regeneration (e.g. Jones and Simon 198 1; Kelly and Chynoweth 198 1) . Finally, how much of the total sediment column is involved in nutrient release'? Is regeneration restricted to surficial, freshly deposited sediments (i.e. is internal loading dependent only on the recent history of a lake or does it involve older sediments)? We believe that the development of general models of lake metabolism and nutrient recycling requires an examination of each of these aspects in a variety of lakes.
Sediment-water interactions are usually quantified via one of the following methods: mass balance analysis at the whole-lake level (e.g. Ahlgren 1977; Schindler et al. 1987) ; laboratory or in situ confinement of sediments in core tubes (e.g. Kamp-Nielsen 1975) or benthic chambers (Klump and Martens 198 1) ; flux calculations based on observed concentration gradients at the sediment-water interface (Devol 19 8 7) . The three approaches are subject to potentially large errors that have been amply discussed elsewhere. The estimation of fluxes across the sediment-water interface from pore-water data usually requires a good knowledge of the effect of all important transport mechanisms, including molecular diffusion, bioturbation, and benthic irrigation, that may contribute to the flux (see Berner 1980; Aller 1980) . Under anoxia, the influence of biological activity is expected to be negligible (Devol 1987) and fluxes can be calculated with Fick's first law, as applied to the sedimentary environment: dC JjO = -q5Dsz + @WC
( 1) where JI 0 is the flux at the interface, C the concentration, x the depth, 4 and v the sediment porosity and advective burial of pore water, and D, the coefficient of molecular diffusion corrected for tortuosity. In many situations, the advective term is small compared with diffusion and can be ignored.
In the present study, we use pore-water data to estimate the fluxes of dissolved C, N, P, Si, Fe, and Mn species across the sediment-water interface of five stations extending from the littoral to the profundal zone of a small, seasonally anoxic lake. Standard diagenetic formalism is then used to examine the kinetics and horizontal distribution of organic-matter decomposition and nutrient regeneration in the sediments. Finally, the relative importance of regeneration occurring in the sediments and in the water column is estimated for this type of lake by comparing calculated fluxes from the sediments to observed accumulation rates in the hypolimnion.
Methods
Study site-The study was conducted in Williams Bay (Jacks Lake, Ontario, 44'4 1 'N, 78'02'W). Its watershed is entirely forested (mixed hardwoods), and the bedrock is composed mainly of felsic crystalline rocks with minor enclaves of carbonates. It has a surface area of 80 ha, a maximal depth of 22.7 :m, a mean depth of 8.8 m, and a renewal time of 1.2 yr (Fig. 1 , Table 1 ). The water level was raised artificially by -2 m in the late 1930s. The bay is connected to the rest of the lake by two shallow (2-3 m) channels that isolate its hypolimnion from the rest of the lake during stratification. Williams Bay is mesotrophic, with epilimnetic Chl a: concentrations of 1.5-3 pg liter-l, total P of 8-l 8 pg liter-l, and 14C primary production reaching 900 mg C rnd2 d-l (Pick et al. 1984; Pick and Lean 1984) . Macrophytes are almost absent in the littoral, possibly because of very low nutrient concentrations in pore waters. The bay is dimictic, but spring overturn is sometimes incomplete. Anoxia usually appears in mid-June in the deepest waters and extends to the entire hypolimnion by early September. Bore water-Most of the pore-water profiles .were obtained on a transect extending from the littoral to the profundal zone at the five stations shown in Fig. 1 (depths: 4.0, 10.0, 15.0, 20.2, and 21.7 m) in June and September 198 1. Three additional profiles were also taken outside the transect in May and October 1980 at 3, 12, and 18 m. Pore waters were sampled by passive equilibration with close-interval samplers made of acrylic (Hesslein 1976) . Biologically inert polysulfone membranes (0.45 pm, Gelman HT-,450) were used. Even though the sediments of Williams Bay are very porous, samplers were left in the sediment for a minimum of 2 weeks to ensure complete equilibration with the pore water. Details concerning pretreatment, sampling, and analytical methods for pH, CH4, ZC02, NH4+, dissolved reactive P (DRP), reactive silica (RSi), total Fe, and Mn are given elsewhere (Carignan 1984) . Total Fe and Mn were assumed to occur entirely as reduced Fe(II) and Mn(I1). In the anoxic hypolimnion and pore waters of this lake, DRP is essentially equivalent to P043-as shown by 32P bioassays and Sephadex chromatography (Carignan and Lean unpubl.) and will henceforth be called ZP04. The other porewater metals (Ca, Mg, K) were measured by flame atomic absorption. Graphite-furnace atomization was used for low-level determinations of Fe. To restrict precipitation or losses by degassing, we completed sampling within 5-10 min of retrieving the sampler from the sediment. Subsamples for pH and ZH,S measurements were collected first (within 2-3 min) in glass syringes prerinsed with O,-free distilled water. The pH readings and H,S reagent injection (Cline 1969) were completed within 20 min of collection. Fluxes across the sediment-water interface-The diffusive fluxes of CH4, X02, NH4+, ZP04, RSi, Fe, and Mn across the sediment-water interface were calculated from Eq. 1, ignoring the negligible effect of advection due to burial. For the calculation, D, was assumed equal to the temperaturecorrected coefficient of molecular self-diffusion for each solute (Li and Gregory 1974) . Porosity and tortuosity effects at the interface were ignored because of the high (0.99) porosity of the surficial sediments. The computed chemical speciation (WATEQF, Truesdell and Jones 1974) near the sediment-water interface indicated significant pairing for Mn and more than one degree of protonation for X02 and XP04. For these solutes, a composite diffusion coefficient (Table 2) , accounting for the relative importance of each chemical species, was calculated as described by Klump and Mar- 198 1) . D values at 25°C of 1.4 and 0.9 x 10m5 cm2 s-l were assigned, respectively, to neutral (C02, CaHPO,) and monovalent (MnHCO,+) species of unknown diffusivities.
Water column-Samples for total and dissolved nutrients, major ions, and particulate C and N were collected every 2 weeks at the deepest station, at depths of 1, 2, 7, 10,15,18, and 2 1 m with a Van Dorn bottle. They were filtered through 0.45pm membranes (NH 4+, dissolved P) or acidified to pH 2-3 with H,SO, (TP), or HN03 (metals). Analyses were performed by the water-quality laboratory of the National Water Research Institute within 2 d for NH,+ and within 2 weeks for the other constituents (Environment Canada 19 7 9) . Samples for X02 and CH4 analysis were collected in BOD bottles flushed with 2-3 volumes of lake water and measured within 1 h of collection by gas stripping and chromatography (Stainton et al. 1977) . Dissolved oxygen (DO) profiles were obtained every 2-3 weeks with a YSI DO meter. Samples for particulate organic carbon (POC) and nitrogen (PON) were collected onto GF/C glass-fiber filters and measured with a Hewlett-Packard CHN analyzer. Our estimates of nutrient accumulation rates in the hypolimnion assume horizontally homogeneous distributions of the concentrations.
S&iments-Sediment cores (1 O-cm diam) were [collected with a piston corer (Williams and Pashly 1979) in September 198 1 at the five stations shown in Fig. 1 . The cores were sectioned every 1 cm to a. depth of 50 cm, and the resulting samples were frozen within 24 h and kept frozen until freeze-dried. The two deepest cores were sectioned as rapidly as possible (within 30 min) because depressurization induced gas-bubble formation or expansion in their lower parts (l-4-mm gas vacuoles were observed below 30-40 cm in the three hypolimnetic cores). Total C and total N were measured in triplicate with a Hewlett-Packard CHN or Carlo Erba. CNS analyzer. Loss on ignition was measured after ashing the sediments for 1 h at 550°C. Total P was measured colorimetrically following dissolution of the ash in dilute HCl (Anderson 1976) . Unsupported 210Pb was measured by counting its 210Po granddaughter by a spectrometry (Eakins and Morrison 1978) and subtracting the asymptotic 210Pb values found deeper (60 cm) in the core. Sedimentation rates were calculated assuming a constant rate of supply (CIRS) of 210Pb (Appleby and Oldfield 1978) . The CRS model was chosen because 30-35% of the organic sediment is decomposed #during the 100-200 yr following deposition (see below). The 210Pb ages calculatecl bly the CRS method are unaffected by changes in sedimentation rate or by diagenesis of the matrix.
Results and discussion
Sediments-The sediments of the five stations exhibit the very porous, fine-grained organic texture (Table 3) and C : N ratios reported for many other lakes of the Canadian Shield (Brunskill et al. 197 1) . At all stations, porosity varies from 0.98-0.99 at the surface to 0.96-0.97 at a depth of 50 cm. The sediments of stations l-3 are olivebrown, whereas those of stations 4-5 are black from the surface, suggesting the presence of iron monosulfides. Reducing conditions prevail in the surficial sediments of all stations, as shown by the presence of X H,S from the first centimeter down (Table  4 ). The loss on ignition of the littoral sediment remains close to 45% for the entire core length and varies from 45% at the surface to -38% at 50 cm for the other stations. The three deepest cores show maximal concentrations of total N and P at the surface, decreasing within the next 3-6 cm. This feature dloes not seem to be related to changing human activity in the watershed and is probably diagenetic, because it occurs in sediments 5-lo-yr old (see below).
The 210Pb profiles (Fig. 2) of the two shallowest stations show some evidence of physical mixing or bioturbation in their uppermost 1-2 cm. There is no such evidence at the deeper stations, which indicates that factors other than molecular diffusion play minor roles in solute exchange between sediment and water at these deeper sites. Most profiles of unsupported log 210Pb vs. cumulative weight are slightly concave downward, which may indicate an increase in sedimentation rate(mg cm-2 yr-') with depth in the core (a decrease with time). As will be shown below, however, this feature appears attributable to the slow decay of a substantial proportion of the organic sediment matrix. For reasons that are not clear, the shallowest station (1) has much lower surficial 210Pb activity than the other sites (0.3 Bq g-l compared with 2 Bq g-l). The noticeably higher C : N ratio (14 : 1 wt/wt instead of 9 : 1) in the sediment of this station suggests a different origin and a predominance of allochthonous organic material compared with deeper sites.
The average sedimentation rates computed for the last 50 yr of deposition range from 10.5 to 17.4 mg cm-2 yr-1 (Fig. 2) . The rate of sedimentation (R) for bulk sediments, total C, and total N increases linearly with depth in the basin: 
revealing a clear sediment-focusing effect. The relatively poor C vs. depth relationship (Eq. 2b) is due to the high C content of the littoral sediment. If the latter station is removed from the analysis, the new regression obtained is Table 4 . Profiles of pH, H2S, Ca, Mg, and K dbtained at stations l-5 on 15 September 198 1 (all concentrations in pmol liter-'). R(C, mmol m-2 d-l) = 0.21 depth (m) + 3.9; r2 = 0.94, P < 0.03. P-0 For comparison, cylindrical sedimentation traps (0.014 m2, 2 : 1 ht/diam ratio) deployed for weekly periods in August 1978 and June 1979 at 11 m gave an average bulk sedimentation rate of 26.6 & 3.7 mg cm-2 yr-1 (n = 3, Pick and Lean unpubl.) .
The rapidly decreasing rates of burial observed near the surface of most cores (Fig.  3 ) reflect slightly decreasing porosities in the top 4-5 cm. In older sediments, the average burial rate increases from 2-3 mm yr-* at the two shallow stations to 4-5 mm yr-1 at the deepest stations. The fluctuations in burial rate observed at -30-40 cm in the sediments of the three hypolimnetic stations may be produced by several different processes, including small changes in porosity, changes in the rate of mass sedimentation (mg cm-2), or the formation and expansion of CH4 bubbles either in situ or following decompression of the cores during collection. Pore water-No distinct seasonal changes are apparent from the pore-water concentration profiles obtained in May, June, September, or October. Although seasonal differences probably do occur near the interface, the limited replication at each site (one or two profiles measured at each date) does not allow their resolution.
Consequently, only the profiles obtained in September are presented (Fig. 4 , Table 4 ). The major decomposition products of organic matter (CH, , 2C02, NH, ', and B?04) and RSi are highly enriched in the pore waters of all stations relative to the overlying waters. The maximal silica concentrations observed in the pore waters of stations 3-5 suggest an equilibrium with amorphous silica ( Fig. 5) , which most probably originates from the dissolution of diatom frustules and chrysophyte scales.
Very little remineralized sulfur is returned to the water column. H2S concentrations (Table 4) in the five profiles appear to be controlled by the formation of iron monosulfides since in every case the ion activity product (IAP) of Fe2+ and S2-calculated by WATEQF remains just above the solubility product (K,,) of mackinawite, as shown for station 5 in Fig. 5 . The very low ZH2S concentrations observed in the pore waters of the three deepest stations can be explained by the presence of excess Fe2+ over ZH2S. At these stations, dissolved Fe2+ could be controlled by FeCO,(s) formation (Fig. 5) . At the two deepest stations, dissolved Mn is nearly at equilibrium with MnCO,(s), suggesting the formation of this mineral; however, no evidence for the presence of Fe or Mn carbonates could be found after several hours of sediment examination with a scanning electron microscope equipped with an EDAX system. Formation of iron sulfides was confirmed by the observation of abundant small (l-3 pm) cubic pyrite crystals and FeS framboids.
Fe and Mn are present in high concentrations only in the pore waters of the deepest stations. Such an enrichment of Fe and Mn in the pore waters of profundal sediments has been reported previously for other productive lakes (Tessenow 197 5) . At the three shallower stations, solubility considerations indicate that excess production of ZZH,S over Fe2+ and FeS formation may prevent buildup of pore-water Fe2+. This situation would be expected if particulate Fe(III) deposition was more strongly focused to the bottom of the lake than labile organic matter. The focusing of Mn(IIGIV) oxides may also explain the low pore-water Mn concentrations at the shallow stations.
Relationships bet ween fluxes from the sediments, depth, and sedimentation rate-For most dissolved species, concentration gradients at the sediment-water interface increase with station depth (Fig. 4) , indicating that the release of pore-water solutes to the water column proceeds at higher rates in the deeper parts of the basin. The concentration gradients of X02, CH4, NH4+, ZP04, RSi, Fe, and Mn observed at the interface have been transformed into fluxes (Fig. 6 ) via Eq. 1, in situ temperatures at the time of sampling, and specific or composite diffusion coefficients given in Table 2 . The figure reveals some important aspects of nutrient regeneration in small lakes that have been The differences in the type of best-fitting ante in the computed fluxes of ZC02, CH4, model for the flux-depth relationships or in the slope and intercept of the models indicate that regeneration of nutrients and production of CH4 and ZC02 are not well coupled in the lake. The diffusive fluxes of most species calculated on 16 June at station 2 (10 m) tend to be lower than those predicted by the regressions. Oxygen was still present (3.8 ppm) in the overlying water, and benthic invertebrates (Diptera, Odonata, Trichoptera) were observed during core extrusion. The actual fluxes may therefore have been underestimated on this date because benthic activity could have contributed to the transport of dissolved substances across the interface. The fluxes obtained for the same station in September, when the overlying water was anoxic, fall more in line with the general trend. Station 1 was noticeably poor in microbenthos (< 300 pm) and almost devoid of macrobenthos (N. Wilbur-t pers. comm.); hence, the fluxes calculated assuming molecular diffusion (Eq. 1) are probably close to the true fluxes.
The most probable reason for the occurrence of positive relationships between station depth and the diffusive fluxes of XOZ, CH4, NH4+, and RSi from the sediment is the focusing of labile particulate organic matter and biogenic silica to the deeper pa"rt of the basin. Thus, higher inputs of reactive organic matter to the surface of deeper sediments would sustain higher regeneration rates. This mechanism is supported by the existence of highly significant linear relationships between the diffusive fluxes of 2 CO*, CH4, NH4+, and RSi and sedimentation rate averaged over the last 50 yr of deposition (Table 5) . It is important to note, however, that the slopes of the flux vs. depth relationships (Fig. 6 ) are much higher than those for sedimentation vs. depth (Eq. 2b, c). That is, while the average bulk (and organic C and N) sedimentation rate increases by a factor of N 1.5-2 between 4 and 21.7 m, the diffusive fluxes from the sediments increase by a factor of 3 for XOZ + CH4, 8 for NH4+, and 5.3 for RSi over the same interval.
This result suggests that not only the rate of deposition but also the quality (lability) of the sediment varies with depth. In other words, labile organic matter and amorphous silica may be focused more intensely than is bulk sediment. For example, two distinct pools of organic C with different origins, lability, and sedimentation properties may contribute to total deposition: a weakly focused coarse fraction, perhaps composed of refractory organic particles transported from the watershed and a finer, more labile fraction composed of planktonic debris that may be focused more selectively toward the deeper part of the lake. Size-selective focusing has been observed for large vs. small pollen grains by Davis and Brubaker (1973) . If such a mechanism were operating in Williams Bay, long-term accumulation rates measured with 210Pb would not be expected to reflect labile organic-matter deposition because it would be rapidly degraded within the first millimeters or centimeters of the sediment. Diagenetic analysis can be used to examine the distribution and lability of organic matter in these sediments and to verify the above hypotheses.
Diagenesis of organic C and N-The observation that difl%sive fluxes of X02, CH4, and NH,' from the sediments increase faster than organic C and N accumulation as one moves deeper in the basin suggests that two or more distinct organic fractions, characterized by different reactivities, are de-posited differently in the basin. The possible existence of such pools in the sediments of Williams Bay is not surprising. Several investigators have reported (see Westrich and Berner 1984 ) that on a time scale of a few months, a limited number of distinct fractions (often two labile fractions and a refractory one) seem to be involved in aerobic and anaerobic organic-matter degradation in freshwater and marine environments. F:urthermore, Westrich and Berner (1984) have shown that decomposition of these fractions proceeds according to first-order kinetics. Such decomposition models involving more than one organic fraction are called multi-G models, where Gi represents the concentration of organic matter in the ith reactivity class.
In principle, the presence of one or more pools of reactive organic matter in Williams Bay can be verified by determining if the pore-water and solid-phase data are consistent with single-G or multi-G diagenetic models. These models can then be used to estimate the size and horizontal distribution of the pool(s). This approach is most straightforward, however, when the following conditions are met (see Berner 1980) : decomposition of organic C and or N proceeds according to first-order kinetics; dissolved and adsorbed constituents are at equilibrium and are conservative (i.e. are not removed by chemical or biological reactions); there is no compaction; porosity is constant; transport occurs only by molecular diffusion; and diagenesis is at steady state.
Under these conditions, which should be approached in the hypolimnetic sediments of Williams Bay (except for porosity, which varies from 0.99 to 0.96 in the upper 10 cm), the equation describing the vertical distribution of a substrate G undergoing decomposition is (Berner 1980) W) = GOexp(kxlw) + G"
where Go and G(x) are the concentrations of the reactive substrate at the sediment surface and at depth X, k is the specific firstorder decomposition rate constant (yr-l), o the sedimentation rate (cm yr-I), and G" the downcore unreactive organic-matter concentration. Porosity, compaction, and o are not constant in the top 10 cm (Figs. 3,  7) . The rate of sedimentation, expressed in g cm-* yr-1p however, changes by < 15% over this interval.
Equation 3 can therefore be expressed in terms of mass instead of distance, which eliminates the requirement of constant porosity and compaction:
where m is the cumulative mass of dry sediment per unit area (g cmw2) and R the sedimentation rate (g cm-2 yr-l). A complication may arise if the decomposing substrate represents a substantial proportion of the solid phase. In this case, expressing decomposition as a change in concentration vs. time (or distance) may underestimate the true decomposition that has occurred. (Consider, for example, the extreme case where a sediment is entirely composed of organic matter.) We have verified that this effect can be neglected in first approximation here because the ash content of the sediment changes by < 10% within the first 20 cm.
For a conservative dissolved metabolite produced by the steady state first-order decomposition of G (e.g. XOz, CH4, NH,*):
which has the solution (Berner 1980) C(x) = w2FGo D,k + (1 + K)w2
x [ 1 -exp(-kx/w)] + Co (6) with C" -co = w2FGo D,k t-(1 f K)02 (7) and Here Co and C(x) are the concentrations of the dissolved metabolite at the sediment surface and at depth x, K is the adsorption coefficient (when applicable), and p the density of sediment solids. Furthermore,
is a general solution of Eq. 5 when n firstorder production terms are involved (multi-G model).
The rate constant(s) kc, may therefore be estimated from solid-phase and (or) porewater profiles if w and R are known, and if models of the form defined by Eq. 4, 6, or 9 are found to describe the observed concentration profiles correctly. We have used (Figs. 7, 8 ) a Marquardt nonlinear regression algorithm to fit the observed total C and N to Eq. 4 and the pore-water X02, NK+, and CH, concentrations to Eq. 6 or 9.
The solid phase is considered first. Both total C and total N profiles for station 5 (Fig.  7) show maxima at the surface that decline sharply to baseline concentrations -1 O-l 2 cm. The decrease in total C and N occurs in very recent sediments (<5-yr old). No major change has taken place in the watershed during this period, so there is no reason to suspect that causes other than steady state diagenesis (e.g. increased eutrophication, erosion) are involved in establishing the profiles. Carbonate dissolution is not expected to play a significant role in shaping the total C profiles because the C : N ratio of the surficial excess C and N is indicative of strictly biological processes, carbonates of Ca, Fe, and Mn could not be detected by SEM-EDAX in the sediments, and the hyi polimnetic budget shows no evidence for CaCO, dissolution (if it occurs) below a depth of 12 m in the basin. A first-order single-G decomposition model closely describes the total C and N profiles. Setting R equal to 0.0 175 g cm-2 yr-L (the measured mean sedimentation rate for the O-20-cm interval), we obtain the following relations hips: total C (mmol g-l) = 4.14 exp(-0.31 m/R) C 16.7, r2 = 0.85 (10) total N (mmol g-l)
= 0.64 exp(-0.19 m/R) + 1.35, r2 = 0.96.
(11) The first-order decay constants for the labile organic fraction present in the upper 10 cm of the sediment are thus 0.3 l&O.09 yr-l for carbon (k,) and 0.19&0.02 yr-' for nitrogen (kN). The corresponding half-lives of the labile C and N are 2.2 and 3.6 yr. The discrepancy between k, and k, may indicate that organic C is mineralized more rapidly than organic N in surficial sediments (which is also the case for settling organic matter in the water column). Because of the relatively larger error in kc, however, the coefficients may not be significantly different. This labile fraction henceforth will be called G , .
We can now calculate the contribution of G, to organic-matter supply to the sediment and verify whether this reactive pool is focused in the basin. Recall that the focusing of a short-lived component of organic matter undetected in long-term 210Pb sedimentation measurements was a possible reason explaining the different slopes of the sedimentation vs. depth and nutrient flux vs. depth relationships. Under the assumptions of steady state and first-order kinetics, RG 1, the rate of supply of G,, can be estimated by multiplying the standing stocks of labile C or N by their respective decay constants. In the case of carbon =: kc Sa 4.14 exp -(k,mlR) dm. 0
The standing stocks thus found in the sediment column are 0.23 mmol cmd2 for labile C and 0.058 mmol cme2 for labile N, and the annual inputs of C and N necessary to maintain these pools at steady state are 0.07 1 mmol C cme2 yr-l and 0.0 11 mmol N cm-:! yr-l. The 6.5 C : N ratio for the inferred G, input is very close to the 6.6 Redfield ratio for plankton; this fact points to plankton as its possible source. The permanent C and N deposition rates calculated from C", N", and 210Pb bulk sedimentation rate are 0.29 and 0.023 mmol cm-2 YC respectively. The deposition of labile organic C is therefore roughly equivalent to 25% of the long-term accumulation of C in the sediment. This figure increases to -50% for organic N.
The standing stock of G1 was also calculated. for stations 3 and 4 (Table 6 ) via the soljd-phase data of Table 3 . The k values for C and N at stations 3 and 4 are not significantly different from those at station 5. G,(O) is small compared to G" at stations 3 and 4, however, and the corresponding k values have a larger error than those of station 5. The values found at station 5 will thus be taken as representative of the decay of G,. Gl material is almost absent at station 3 since it was not detectable from the total C profiles. Standing stocks of labile G, -type organic C and N are highly focused in the basin (Table  6 ). This finding verifies the hypothesis according to which long-term deposition of organic matter, as measured with 210Pb, is a poor indicator of reactive C and N supply to the sediment.
Under the assumption of steady state, annual inputs of Gl-type organic C and N calculated above must be balanced by equivalent diffusive returns of ZCO, + CH, and NH,+ to the water column. When expressed in mmol mm2 d-l, the expected fluxes across the sediment-water interface due to the decomposition of G1 amount to 1.96 and 0.30 mmol rnp2 d-l for station 5. Fluxes of IZCO, + CH4 and NH,+ obtained from pore-water profiles at this station are 3-5 times higher (Fig. 6) . The decomposition of G, thus seems insufficient to sustain the xC02, CH4, and NH,+ fluxes observed at this or any other station. Clearly, the decomposition of at least Table 6 . Summary of first-order decay constants (k,, yr-I), initial concentrations (GO,, pmol g-' for GO,, and gmol cm-3 for GO,), standing stocks (ZG, bmol cm-*), and fluxes (mmol m-* d-l) of the two reactive organic C fractions G, and G, calculated from solid-phase total C and total N data (G,) and pore-water X0, and NH, ' (G,) at stations 3,4, and 5. For comparison, the diffusive fluxes (J, mmol m-* d -I) of X0, and NH,' computed for each station from the regressions of Fig. 5 and the fraction of the fluxes due to the decay of G, + G, have been included. The sedimentation rates (w, cm yr-I) used to compute the G2 parameters are 0.37, 0.44, and 0.40 for stations 3, 4, and 5. Note that the G, parameters fbr C represent only the fraction of G,-type organic matter that decays to X0,. one other type of organic matter must be invoked. Although classes of organic matter more reactive than Gl may be implicated in nutrient regeneration, appreciable gradients (and fluxes) of X02, CH4, and NH4+ are still present below 20 cm in the pore-water profiles (Fig. 4) , where Gl should be completely exhausted (Fig. 7) . Therefore, other fractions of organic matter having reactivities lower than that of Gl material must also be involved. Variability (natural or induced by changes in water level) in total C or N concentrations below 10 cm does not, however, allow their resolution with the solid-phase data. The pore-water profiles can be used to verify the existence and the quantitative importance of a second, less reactive G, substrate whose decay would also obey first-order kinetics. In theory, if CH4, X0,, and NH,+ are solely derived from the decomposition of G, plus a hypothetical G2, then a two-G model (Eq. 9 with n = 2), incorporating the known properties of Gl, should closely reproduce the pore-water profiles. Here, the assumptions of constant porosity and sedimentation rate are better justified because they show less change in the lo-70-cm interval of the sediment. The only additional assumption needed is that under anoxia, CH4, ZC02, and NH,+ are the only quantitatively important end products of organic C and organic N decomposition.
We have fitted the pore-water CH4, X0,, and NH,+ data to Eq. 9 with the first Gl term:
constrained with the respective Gl constants (k,, Go1) found above for C and N (Table 6) , o = 0.4 cm yr-' and F = 0.042 g cm-3. For NH4+, we have set K = 1 (a realistic value for highly porous sediments), Q = Do$2 = 349 cmN2 yr-' at 6"C, Go, = 640~molg-1,andk=0.19yr-1.ForZC02, K = 0, D, = 237 cm2 yr-', Go1 = 1,705 pmol g-l, and k, = 0.31 yr-'. For CH4, D, = 343 cm2 yr-', Go1 = 2,435 pmol g-l, and k, = 0.3 1 yr-l. The Go1 values for X02 and CH4 have been calculated assuming that the initial labile C (4,140 pmol g-l from Fig. 7 or Table 6 ) is partitioned according to a Z CO2 : CH, ratio of 0.7, which is the observed ratio for XOz and CH4 diffusion at this station. Thus, Co, (C" -Co) for G2 and k, were the only parameters allowed to float in the regression procedure. The uncertainty about K does not affect the results substantially because D,k is much larger than (1 +K)02 in Eq. 9.
The solutions obtained for the September X02 and NH,+ profiles of stations 3-5 along with their respective least-squares fits to Eq. 9 are ( 
We have not attempted to model the profiles of stations 1 and 2 because they probably do not reflect steady state. Sediments of station 1 are subjected to large seasonal temperature variations, and profiles of station 2 seem to be influenced by seasonal biological activity taking place in the upper 10 cm. For the three other hypolimnetic stations, a two-G model (one-G in the case of C for station 3) as defined by Eq. 9, reproduces the observed profiles very closely. The G2 decay constants were calculated with the average sedimentation rates (w, cm yr-') for the 0-50-cm intervals for each sediment (Table 6 ). Ignoring the contribution of G1 at the two deeper stations produces almost equally good fits (except for the upper 3-4 cm of the profiles) with r2 values >0.97, and yields overall (one-G) decay constants only 10% higher than the G, constants. This result simply reflects the fact that over most of their lengths (1 O-70 cm) the profiles are dominated by decomposition of G2.
The Liz, values obtained from the CH4 profiles (not included in Table 6 ) ranged between 0.024 and 0.026 yr-l. These relatively high values are suspect and should be considered with caution until verified in other studies. Dissolved CH, reaches 90% of saturation (Yamamoto et al. 1976) in the lower part (40-70 cm, not shown in Fig. 4) of each of the three hypolimnetic pore-water profiles. Moreover, as much as 5-10% of the CH4 may have escaped from the porewater samplers during the 10 min taken for retrieval and sampling (Hesslein 1976) . Thus, the pore waters may have been saturated with CH4 some 30 cm below the interface, which would explain the flattening of the lower part of the profiles and the apparently high k, values calculated from them.
The initial concentration of G2-type organic C and N at the interface can be estimated by using the C" --Co fit parameters of Eq. l4-22 and solving Eq. 7 for Go2. From Go2, the standing stocks of G2-type matter (ZGJ are calculated as
0 and the influxes of reactive organic C and N are found by multiplying Z1G2 by k, (Table 6). Under the steady state assumption, the influx of G,-type organic matter must be balanced by equivalent diffusive returns of G,-derived X0, and NH4+ to the water column. Therefore, the steady state inputs of G, also express the diffusive fluxes of its decomposition products at the interface. The calculations indicate that both the standing stock and influx of G2 are focused in the basin. It can also be seen that the fluxes of XOZ, CH,, and NH,+ due to decomposition of G, are generally more important than those due to G1. Furthermore, the wholebasin decay of G, + G2 explains -60% of the diffusive fluxes at the interface. The low flux due to G, + GZ at station 3 probably arises from the fact that G1 could not be resolved from the relatively variable total C data at this station.
The fluxes and standing stocks of G,-type organic C shown in Table 6 represent only the fraction of organic C that is being, or will eventually be, mineralized as X02. The total G,-type organic C may, however, be roughly estimated, assuming that both G1 and G2 are decomposed to X02 and CH, in the proportions observed for XOZ and CH, diffusion at the three stations. These X0;?: CH, flux ratios are 0.86, 0.75, and 0.73 for stations 3, 4, and 5. At station 5 for example, if the standing stock and flux of the fraction of G, decomposed to X0, are, respectively, 4.84 mmol cm-2 and 1.41 mmol m-2 d-l, then the total stock and flux are (4.84 + 4.84/0.73) = 11.47 mmol cmp2 and (1.41 + 1.41/0.73) = 3.34 mmol mV2 d-l or 122 pmol cm-2 yr-'. From the 2*oPb sedimentation rates and total C content at the surface of this sediment, the deposition rate of total C is -3 50 pmol cmp2 yr-I. Thus, -35% of the sedimcnting organic C seems to be of G, type. This kind of calculation also indicates that the molar C : N ratios of G, (6.5) and G2 (6.7) are quite similar and close to the Redfield value of 6.6. At stations 3 and 4, the G, parameters for C are too uncertain to compute C : N ratios.
The total C and N data of Fig. 7 are not entirely consistent with the above interpretation. According to the first-order decay constant found for G, material (Table 6) , its half-life should be -70 yr. The 46-48-cm-deep sediments are -120-yr old (Fig.  3) , SO 70% of G2 should have decayed at this depth, and the total C and N profiles should show a monotonous decrease with depth and reach respective values of 11.5 and 0.7 mmol g-l at 46-48 cm. Instead, TC -and TN concentrations increase downward between 23 and 47 cm (Fig. 7) . We have no definite explanation for this apparent contradiction. It should be noted, however, that the 210Pb age of 60-90 yr for the increase in TC and TN corresponds to a 2-m increase in the water level. This disturbance may have caused a change in refractory organicmatter content of sedimenting material large enough to mask the decay of G2.
To summarize, our data indicate that -60% of the production of X02, CH4, and NH4+ by the hypolimnetic sediments is explained by the breakdown of two distinct, Redfield-like pools of organic matter. The more reactive pool (G,) is present in significant quantities only at the two deepest stations and has a half-life of -2.2 yr. The second, less reactive pool (G,) , is present at the other three stations and decays with a half-life of -70 yr. The half-lives of G1 and G2 are of the same magnitude as those reported for the anoxic decomposition of lignocellulose and lignin (Colberg 1988) . The role of these substrates must, however, be minor here because they contain little or no N, whereas C and N are mineralized at Redfield proportions in our sediments. Both fractions seem to be strongly focused in the basin.
The two-G diagenetic model still does not account entirely for the remineralization of organic C and N from the sediment. The missing 40% may be partially attributable to the decay of an even more reactive fraction (Go) present in the upper O-l 0 mm of the sediment. About 150 yr are needed to decompose 75% of G2. This time interval represents -60 cm of sediment accumulation. An important conclusion emerging from this analysis is that the decay of the long-lived (G2) substrate present in the upper 50-100 cm of the sediment is the most important component of nutrient regeneration in Williams Bay. In other words, the amount of inorganic C and N regeneration taking place in the lake is strongly influenced by the decay of organic matter deposited during the previous 100-l 50 yr. This conclusion probably applies also for ZP04 regeneration. Pore-water ZP04 seems to be involved in as yet poorly understood reactions with the solid phase (see below) that are not amenable to simple diagenetic modeling.
Importance of regeneration from the sediments -Most of the published information on the relative importance of water-column and sediment processes in hypolimnetic nutrient regeneration is rather indirect and comes from comparative measurements of oxygen deficits and respiration rates due to the water column and to sediments (e.g. Hargrave 197 1; Linsey and Lasenby 198 5; Cornett and Rigler 1987) . Our diffusive flux data, combined with hypolimnetic budgets, can be used to estimate the relative importance of sedimentary vs. water-column processes in nutrient regeneration if the following conditions are met: the fluxes estimated from pore-water data must be reasonably accurate (i.e. the l-cm vertical resolution used to define the chemical gradients at the interface is sufficient to estimate the diffusive fluxes from these sediments); observed hypolimnetic accumulation rates must be close to the total regeneration rates taking place in the water column + sediments (i.e. losses due to turbulent transport through the metalimnion and losses due to chemical transformations or precipitation are relatively small). These conditions apply best when the hypolimnion is anoxic. Usually, the transport of dissolved substances across an anoxic sediment-water interface occurs by molecular diffusion only. In highly organic sediments, CH, ebullition may contribute to transport, but we have no evidence that it occurs in Williams Bay. The minor importance of CH4 ebullition, even at the deepest sites, where pore-water CH, approaches saturation 30-40 cm below the interface, is supported by the observed 0.73 ratio for ZCOZ : CH4 diffusion at the interface, which is close to the average value of 0.66 measured in vitro by Kelly and Chynow&h (1980) for the organic sediments of a productive lake.
Provided that 0, is known, the accuracy of flux calculations based on pore-water profiles should depend only on the vertical resolution of the concentration gradients at the interface, The gradients measured in our study are defined with a vertical resolution in 1 elm. This resolution would underestimate the actual fluxes at the interface if an important fraction of regeneration occurred within the first few millimeters of the sediment. The validity of using a 1 -cm vertical resolution to calculate benthic fluxes from very porous, anoxic freshwater sediments remains to be shown. Several observations suggest, however, that the fluxes so obtained are probably not far from true fluxes. In two anoxic marine sediments, Devol (1987) compared fluxes of NH4-l, ZPO,, RSi, and alkalinity measured with benthic chambers to those obtained from concentration gradients measured with a 0.5-cm vertical resolution. He found excellent agreement (ratios of 0.80-l .20) between the measured and calcukated fluxes. Furthermore, when his fluxes are recalculated with a l-cm resolution instead of 0.5 cm, the resulting fluxes are only slightly lower (O-20%) for NH4+, Z P04, and alkalinity (but not for dissolved silica, which showed steeper concentration gradients than the other species).
In rapidly accumulating freshwater sediments, most reported vertical profiles of anoxic nutrient remineralization suggest that production in the first few millimeters is relatively small compared to the total production taking place in the sediment column. Matisoff et al. (198 1) measured in vitro NH,+ and X02 production in Lake Erie sediments and found that the surficial 0-2-cm sediment layer accounted for -30% of the NH,' and 10% of the ZCOZ produced between 0 and 39 cm. Kelly and Chynoweth (1980, 198 1) measured in vitro CH4 production profiles in the hypolimnetic sediments of three lakes and found that the O-3-cm layer accounted for only 28-3 1% of the integrated production taking place between 0 and 18 cm. Because the integrated in vitro CH4 production exceeded the in situ accumulation rate in the hypolimnion by a factor of 2-4, they dismissed the 4-l&cm data on the basis that in vitro incubation may have stimulated CH4 production in deeper layers of sediments. Kelly and Chynoweth concluded that only the O-3-cm layer must be involved in CH, release to the water column. Their conclusion was based on the implicit assumption that the in vitro CH, production measurements, which were taken at the deepest site in the basin, were representative of all the hypolimnetic sed-'-iments. Our results indicate that this as-_ sumption is not justified because CH4 dif-EIOfusion from the sediments increases _ g 6 significantly with depth in the hypolimnion n 15- (Fig. 6) . In fact, the results of Kelly and Chynoweth do support the existence of a polong-lived G2 organic fraction responsible J s 0
for most of the decomposition in sediments. M J A Cook (1984) reported that calculated Fe2+ diffusion from the sediment accounted for only 10% of the increase in hypolimnetic Fe2+ in Lake 227 and concluded that most 5 of the Fe came from the upper few millimeters of the sediment. He based his cal-;;,. culations, however, on pore-water concen-; tration gradients defined with a rather poor $ ,5 5-cm vertical resolution. Furthermore, he neglected the possibly large contribution of Fe(III) originating from the watershed or from resuspension of epilimnetic' sediments. In summary, although the available information suggests that regeneration is highest at the sediment surface and decreases exponentially downward, the contribution of the first few millimeters does not appear to represent more than a few percent of the total regeneration taking place in the upper 30-5 0 cm of rapidly accumulating anoxic sediments. Thus, diffusive fluxes derived from concentration gradients measured between 0 and 1 cm below the interface of such sediments probably closely approach (within lo-20%) the true fluxes at the interface. > 9 5% of the hypolimnetic volume below 9 m was anoxic (Fig. 9) .
Most of the sediment-derived chemical species studied here [CH4, NH4+, Fe(II), Mn(II), EP0,3-] are not expcctcd to behave conservatively once they have diffused from anoxic sediments into oxygenated waters. Comparisons between calculated rates of release from the sediments and measured accumulation rates in the hypolimnion are therefore most easily done during periods of anoxia. We thus compared the measured accumulation rates of CH4, ZC03, NH4-+, EP04, RSi, Fe, Mn, and Ca with their calculated diffusive fluxes in the portion of the hypolimnion between 9 and 22 m from 28 July to 26 September. During this period, Thermal stratification at the 9-m boundary was rather weak (N 1 "C m-l) in August and September and may have allowed some turbulent losses of hypolimnetic solutes across the 9-m plane. We verified this possibility by estimating turbulent fluxes for each solute with an average July-August turbulent transport coefficient (K,) of 7.1 x 1O-4 cm2 s-l at 9 m, computed by the heatflux method of Powell and Jassby (1974) , and the concentration gradients observed at the same depth near the end (14 September, Fig. 8 ) of the observation period. Our K, value is consistent with other values reported for the metalimnia of small lakes (Quay et al. 1980) . The calculations show that a maximum of 8, 5, and 3% of the 2 C02, RSi, and Mn produced in the hypolimnion could have been lost by turbulent exchange to the metalimnion.
This figure decreased to ~2% for the other solutes (NH4+, CH,, ZP04, Fe). Because these fluxes represent a small fraction of the quanti- Table 7 . Bbscrved hypolimnetic accumulation rates (mmol m--2 d-l) and calculated fluxes from the sediments between day 100 (28 July 1981) and day 160 (26 September 1981) after turnover. The average values are based on a hypolimnetic volume of 1.5 1 x 1 O6 m3 and a sediment area of 3.15 x lo5 m2 between 9.0 and 22.7 m.
---- (24) where AC, and V, are the concentration change and volume for the ith hypolimnetic stratum, A, is the hypolimnetic sediment area below 9 m, and ht the duration of the observation period. In the calculation, the hypolimnion was divided into seven 2-mthick layers (except for the last one, which was 1.'7 m thick). The concentrations in each layer were defined as the concentration measured or interpolated in the middle of the layer. The average diffusive fluxes (3 from the sediments have been calculated as (25) where .? is the diffusive flux of each constituent calculated for each depth increment i from the relationships shown in Fig. 6 , and 14i the sediment area in contact with the ith layer. In this case, the hypolimnetic sediments were divided into 14 surfaces between the successive l-m isobaths between 9 and 22.7 m. This subdivision was neccssary to get sufficient flux resolution in deeper sediments where the fluxes of ZPO,, Fe, and Mn increase very rapidly.
The results (Table 7) show that the proportion of total accumulation contributed by sedimentary and water-column processes vary considerably among the solutes considered. NH4+ and CH, seem to be derived mainly (62-70%) from the sediments, while this proportion is reduced to 3 l-54% for 2 C02, ZP04, and RSi and to < 15% for Fe, Mn, and Ca. Production of the various chemic,al species originating from the breakdown of organic material (X02, CH4, NH4+, XPO,, and RSi) does not seem well coupled within the hypolimnion.
This decoupling is also apparent from the shapes of the hypolimnetic concentration profiles in Fig. 10 , which are of two types: concave upward for CH,, NH4+, r/Pod, and Fe, and convex upward for ZC02, RSi, and Mn. Two mechanisms could explain the convexupward shapes of the X0,, RSi, and Mn profiles,: an important portion of these substances may be derived from the sediment at any depth in the basin, in which case their vertical distribution would be influenced by the m : A V ratio, as proposed by Hutchinson ( 194 1) for bicarbonate; they may be releasecl rapidly in the upper hypolimnion from settling particulate matter. The second mechanism must be responsible for the observed distribution of Mn, as shown by Davison (198 1) and Davison et al. (1982) , because its diffusion from the sediment is negligible above 15 m (Fig. 6) .
Production of XOz, CH,, and NH,+-Diffusion from the sediments accounts for only 40% of the total X02 + CH4 that accumulates in the hypolimnion. Therefore, some highly reactive organic-matter fraction (G,) must be decomposing in the anoxic water column. The importance of the water column as a site for ZC02 + CH4 production in small lakes is not generally recognized. For example, Hesslein (1980) has modeled CH4, X02, and NH,+ profiles in the hypolimnion of a shield lake assuming that these metabolites were produced only in the sediment. Our results agree with those of Hutchinson (194 l), however, who estimated the contribution of water-column processes (hydrometabolism) to account for 75% of the X02 production in the hypolimnion of Linsley Pond-a value similar to the 69% estimate calculated for X0, from Table 7 . (Hutchinson reported, however, that most of the HC03-was derived from the sediment.)
Our results also agree with several studies on hypolimnetic aerobic respiration (summarized by Cornett and Rigler 1987) that found a significant proportion of total oxygen consumption (hence, degradation of organic matter) to occur in the water column wherever this quantity was measured directly. In a basin adjacent to Williams Bay (Sharpes Bay), Linsey and Lasenby (1985) found that 68% of summer hypolimnetic respiration occurred in the water column, with most of it taking place in the upper hypolimnion.
Cornett and Rigler (1987) produced an empirical relation linking the relative importance of water-column and sediment respiration to the mean thickness of the hypolimnion. According to their model, 20-60% of the oxygen demand (catabolism) can be attributed to water-column processes in most lakes.
Such results are consistent with other studies (Fallon and Brock 1979; Westrich and Berner 1984) where the average firstorder aerobic decay constant (k) of fresh planktonic material was 0.1 d-l. According to Westrich and Berner (1984) , the highly reactive fraction of fresh planktonic material accounts for -50% of the total biomass. If we take k = 0.1 d-l and assume a settling velocity of the order of 1 m d-l for particulate organic matter (Burns and Rosa 1980; Bloesch and Sturm 1986) , -40% of the most reactive fraction of POM (G, material) crossing the thermocline would be decomposed before reaching the sediments of Williams Bay, which has a mean hypolimnion thickness of 5.5 m. Although this figure applies to aerobic decomposition, Cappenberg et al. (1982) found a comparable k value (0.18 d-l) for the anaerobic decomposition of fresh algal debris 1 cm above the sediment-water interface of a eutrophic lake.
As noted earlier, X0, + CH4 and NH,+ production do not seem well coupled in the hypolimnion, since only 30% of the NH,+ appears to be regenerated in the water column, compared with 69% for ZCOZ and 5 8% for X0, + CH4. Two lines of evidence support this conclusion further. First, Fallon and Brock (1979) reported that the firstorder decay constant of decomposing algae is higher for biological oxygen demand (0.096 d-l) than for protein (0.064 d-l), which indicates that in oxic environments at least, organic C may be initially mineralized more rapidly than organic N. Second, a faster mineralization of organic C in Williams Bay is also apparent from the C : N ratios of suspended and settling POM (collected in sedimentation traps),-which consistently show a significant decrease with depth (Fig. 11) . The available summer sedimentation trap data (two collections in August 1978 and one in June 1979, Pick and Lean unpubl.) are too limited to calculate a precise rate of C and N loss during the transit of POM through the hypolimnion. We can still check the consistency between the apparent uncoupling of C and N mineralization deduced from Table 7 , however, and the decreasing C : N ratios in the suspended and trapped particulate matter.
If we use the average rate of organic C and N deposition as measured in the sedimentation traps placed in the upper hypolimnion at 11 m in August 1978 (22.5k2.3 mmol rnA2 d-l for C and 2.18 +0.22 for N) and if we assume that 50% of this organic matter is labile (Westrich and Berner 1984) and that 58% (from Table 7 ) of the labile C is decomposed to X02 + CH, in the water column, then 22.5 x 0.50 x 0.58 = 6.5 mmol me2 d-l of X02 + CH4 would be liberated in the water column-a value close to the 7.5 mmol rnh2 d-l predicted from Table 7 . Similarly, the decomposition of 30% of the settling labile organic N would liberate 2.18 x 0.5 x 0.30 = 0.33 mmol rnp2 d-l of NH + 4 , which is also close to the 0.28 mmol m-'2 d-l predicted from Table 7 . According to this calculation, the settling POM would lose 29% of its C and only 15% of its N. If we assume an initial average C : N ratio of 11.2 (Fig. 11) at 6 m for settling POM, the predicted C : N ratio of POM arriving at the sediment surface should bc 9.4 -.not far from the 10.2 value found in trap material at 20 m. The large difference in C: N ratio for suspended and settling POM in the hypolimnion simply reflects the common observation that the slowly settling suspended POM is not the main contributor to sedimentation.
These calculations are admittedly very imprecise; nevertheless, they show that our data and interpretations are internally consistent. The global mineralization of organic C and N in the hypolimnion of Williams Bay thus appears to be explained by the decomposition of three fractions of organic matter having distinct reactivities. Significant production of ZC02 and NH,+ in the water column (Table 7) led us to confirm the existence of an expected, highly reactive organic-matter component (Go) decaying with a presumed half-life of -1 week (Fallon and Brock 1979; Westrich and Berner 1984) and being responsible for -58 and 30% of the hypolimnetic mineralization of C and N. The Go fraction probably consists of fresh plankton and fecal pellets settling from the epilimnion. Its presumed importance in hypolimnetic regeneration is consistent with independent data on summer sedimentation rates and C : N ratios in settling POM. In addition, two sedimentary components, G, and G2, with respective half-lives o.f -3 and 7 5 yr, contribute 60% of the regeneration attributable to sedimentary processes.
The fluxes of X02, CH,, and NH4+ from the sediments that are not accounted for by decomposition of G, -t-G2 may be attributa'ble to the fraction of Go which reaches the se:diment. Because Go is short lived, its deposition to the sediment probably decreases with depth, as suggested by the rightmost column of Table 6 which shows that the fraction of the diffusive fluxes unexplained by the decay of G, + G, decreases with depth. Moreover, Go is not expected to be focused because very little of it, if any, would have the chance to be redistributed during lake mixing events. The proportion of Go that reaches the sediment will depend on its half-life, sinking properties, and the mean hypolimnion thickness.
A. better knowledge of the general properties of Go (composition, sinking rate, aerobic and anaerobic rate of decomposition) should lead to a mechanistic interpretation of the empirical model for hypolimnetic seston decomposition proposed by Cornett and Rigler (1987) .
Regeneration of phosphate-The accumulation of TP, presumed equivalent to 2 PO, in the anoxic hypolimnion, is consistent with the mineralization of organic matter, as indicated by C : N : P proportions of 157 : 11.5 : 1 calculated from the observed hypolimnetic accumulation rates of ZCOZ + CH4, NH4+, and TP (Table 7) and compared with Redfield proportions of 106 : 16 : 1. The regeneration of EP04 is nevertheless clearly uncoupled from that of XOZ or NH,+ as indicated by the different shapes of their flux-depth relationships (Fig. 6 ) and hypolimnetic concentration profiles (Fig.  10) . Indeed, CP04 diffusion from the sediments does not follow the pattern observed for ZCOZ, CH4, or NH,+. According to Fig.  6 , the diffusive return of XP04 from the sediment is very small above a depth of 15 m, even when the hypolimnion is completely anoxic. This behavior produces ratios of ZC02 + CH, to ZP04 diffusing out of the sediments that vary by nearly an order of magnitude, from 322 : 1 at 10 m to 47 : 1 at 21.7 m.
We can offer only a tentative explanation for these observations. The total P content of the surficial sediment solids is significantly higher at 10 m than it is deeper in the basin (Table 3 ). This fact suggests that although substantial decomposition of organic matter occurs in the 10-m sediments, as shown by the important fluxes of X02 + CH4 and NH4+, ZP04 remains bound to the sediment. To a lesser extent, P retention may also occur at station 3 (15 m) which shows a higher TP content than at station 4 (20.2 m) and a high N : P diffusion ratio. Simple adsorption onto or coprecipitation with Fe(III) cannot explain the sequestration of P by the sediment because the diffusive release of Fe(II) and ZP04 remains negligible even during periods of anoxia at the 10-m site. The formation of strong humic-Fe-Al-P complexes, as suggested by Jackson and Schindler (1975) , may be taking place here. Such a reaction would be consistent with the very low pore-water concentrations of Fe found at stations 2 and 3 even when the sediments are completely anoxic. It remains unclear however why this mechanism should operate only above lo-15 m and not deeper in the basin. Perhaps the hypothetical sedimentary organic compounds involved in the complexing of metals and P become saturated with excess PO, below a depth of -15 m in the basin.
Conclusions
During summer stratification, both water-column and sedimentary processes play an important role in the production of Z COz, CH,, Nb+, . . ZP04, and RSi m this lake. Our three-G conceptual model is probably simplistic, as other organic fractions with half-lives intermediate between Go, GI, and Gz could be involved. In addition, Go, Gr , and G2 probably do not correspond to chemically specific organic compounds but to groups of compounds sharing similar reactivities which may or may not individually obey first-order decay. "GZ" may correspond to several smaller fractions with half-lives spanning decades to centuries and which cannot be easily resolved by diagenetic analysis of short (70 cm) pore-water profiles. The three-G model proposes, however, a conceptually simple formalism that may lead to a better understanding of internal loading and nutrient dynamics in lakes. In addition, this model is easily falsifiable because several specific predictions derived from it can be tested in other lakes. For instance, G,-type compounds should be nearly absent at the sediment surface in wintertime or in deep (> 50 m) lakes; in consequence, nutrient flux and pore-water profiles in such sediments should be entirely accountable by a G, + Gz diagenetic model. Likewise, G1 compounds should be present only in the first millimeters of slowly (5 1 mm yr-I) accumulating sediments, due to their short half-life.
In Williams Bay, > 80% of the production of XOZ, CH4, and NH,+ taking place in the hypolimnion can be explained by this model. Furthermore, it is consistent with previous observations on carbon flow in lakes (Hargrave 1973 ) and on resilience of lakes to changing trophic conditions or changing levels of organic-matter inputs. For example, the relatively long half-lives of G1 and G, explain why Linsey and Lasenby (1985) found essentially identical values for summer and winter sediment oxygen demand in a deeper basin of Jacks Lake (Sharpes Bay, Z = 16 m). The relatively long half-lives of G, and G, are also consistent with t.he observations of Levine and Schindler ( 1989) who reported that high internal loading of organic and inorganic C and N forms persisted in Lake 303 for at least 2 yr after a whole-lake eutrophication experiment ended. Finally, it should be stressed that G2 is not only the most persistent but also the most important substrate for nutrient regeneration in Williams Bay. Its importance suggests that the internal nutrient cycle of lakes may take several decades to adjust to changing trophic conditions.
